Endoplasmic reticulum (ER) stress, defective autophagy and genomic instability in the central nervous system are often associated with severe developmental defects and neurodegeneration. Here, we reveal the role played by Rint1 in these different biological pathways to ensure normal development of the central nervous system and to prevent neurodegeneration. We found that inactivation of Rint1 in neuroprogenitors led to death at birth. Depletion of Rint1 caused genomic instability due to chromosome fusion in dividing cells. Furthermore, Rint1 deletion in developing brain promotes the disruption of ER and Cis/Trans Golgi homeostasis in neurons, followed by ER-stress increase. Interestingly, Rint1 deficiency was also associated with the inhibition of the autophagosome clearance. Altogether, our findings highlight the crucial roles of Rint1 in vivo in genomic stability maintenance, as well as in prevention of ER stress and autophagy.
Neurons homeostasis is dependent on a proper regulation of protein synthesis, transportation and degradation. Biological mechanisms controlling protein secretory pathways such as endoplasmic reticulum (ER)-Golgi trafficking are essential for cell homeostasis. Defective ER-Golgi trafficking leads to ER stress 1 and is involved in neurodegenerative disorders including Alzheimer's disease. 1, 2 Also protein and organelle turnover by autophagy is crucial in post-mitotic neurons to prevent protein accumulation-associated toxicity. The autophagic protein degradation pathway is tightly regulated and its disruption leads to neurodegeneration. [2] [3] [4] ER-Golgi trafficking and autophagy are related biological mechanisms. In the both processes, the fusion of membranes ensures the transport of proteins to their destination. Autophagy requires the clearance of autophagosomes and their cargo upon fusion with lysosomes. 5, 6 It is suggested that this fusion is regulated by several Rab proteins and soluble N-ethylmaleimidine-sensitive factor attachment protein receptors (SNAREs). 4, 6, 7 Similarly in case of bi-directional ER-Golgi transport the tethering of the COPII-coated vesicles at Golgi membrane takes place in anterograde transport, when in retrograde transport COPIcoated vesicles are tethered at ER membrane. 8, 9 Membrane fusion is again mediated by Rab GTPases and SNAREs and SNARE-associated tethering complexes. One of them is the ZW10 complex composed of RINT1, ZW10 and NAG that has a pivotal role in the retrograde transport in association with ER SNAREs Syntaxin 18, p31 and Sec22b. [10] [11] [12] The complex integrity is regulated by an autophagy factor UVRAG, which interacts with RINT1, demonstrating the intersection of Golgi-ER and autophagic trafficking mechanisms.
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RINT1 was identified as a Rad50-interacting protein involved in G2/M checkpoint 14 and was shown to be involved in telomerase independent maintenance of telomeres via the interaction with p130. 15 The importance of RINT1 in Golgi-ER trafficking and thus in homeostasis of Cisand Trans-Golgi was demonstrated in vitro [16] [17] [18] [19] [20] [21] where in vivo studies were limited by the early embryonic lethality (E5.5) associated with Rint1 inactivation. 19 Rint1 was proposed to be a tumor suppressor gene since its heterozygous mutation predisposed to tumor, 19 but it was also reported to act like an oncogene in glioblastomas. 22 The tumor suppression function of RINT1 was recently strengthened by the identification of rare RINT1 mutations predisposing to breast cancer and Lynch syndrome cancers. 23 These findings suggested that RINT1 is essential for cell homeostasis and prevention of tumorigenesis. Nevertheless, the lack of mouse models prevented further understanding of its in vivo functions. Therefore, it motivated us to analyze a mouse model with a conditional Rint1 inactivation in the central nervous system (CNS). Here, we identify new Rint1 functions in maintenance of genomic stability and autophagy together with its role in ER-Golgi homeostasis in developing brain. We demonstrate that Rint1 is essential for CNS development and prevention of neurodegeneration.
Results
Specific CNS inactivation of Rint1 is lethal at birth. To overcome the early embryonic lethality associated with Rint1 inactivation in mouse, 19 we generated a conditional Rint1 allele (Figures 1a and b) . Deletion of exon 3 is predicted to generate an out of frame mutation. The pGK-Neo resistance cassette was excised in vivo using FLPe recombinase to create the 'Floxed' allele. The 'Floxed' mice were born at a normal Mendelian ratio (data not shown). Finally, the NestinCre mouse was used to specifically inactivate Rint1 in neural progenitors (Rint1 Nes-Cre ). We confirmed the complete deletion of the Rint1 exon 3 by RT-PCR in embryonic E15.5 cortices and in immortalized mouse embryonic fibroblasts Nes-Cre cortex from E15.5 embryos. Quantification for BrdU+ in (j) and for pH3+ in (k) shows significant reduction of both cell types in cortex (n = 4). (g-j) Quantifications show average values with the standard error measured in four embryos. Stars indicate significance in two-tailed Student's t-test *Po0.05, **Po0.005, ***Po0.0005 (MEFs) with inducible Rint1 inactivation (Figures 1c and d) .
Rint1
Nes-Cre mice died at birth (Supplementary Table S1 ), suggesting an important role of Rint1 during embryonic CNS development.
Rint1 depletion induces apoptosis in the CNS. To understand the consequences of Rint1 inactivation in the CNS, we analyzed the Rint1
Nes-Cre brains at embryonic stages E15.5 and E17.5. Coronal sections showed that the cortical proliferative areas composed of the ventricular (VZ) and the sub-ventricular zones (SVZ) were substantially reduced in Rint1
Nes-Cre cortex (Figures 1e and g ). Consistently, immunostaining of neuroprogenitors revealed a significant reduction of Sox2-and Trb2-positive cells at E15.5 ( Figure 1h ). To identify whether the reduction of neuroprogenitors in Rint1
Nes-Cre cortex was due to proliferation defects or increased apoptosis, we first measured the number of BrdU-positive cells after a 1-h pulse and the number of phospho-Histone-3 (pH3)-positive mitotic cells. We found a significant reduction of both BrdU-and apical pH3-positive cells (Figures 1i-k) . We then analyzed apoptosis in cortex using active-Caspase3 (ActCasp3) immunostaining and DNA fragmented nuclei by TUNEL assay (Figure 2a ). In Rint1
Nes-Cre cortices, a significant increase in both apoptotic signals was found in VZ/SVZ at E15.5 and interestingly a dramatic increase in cortical plate (CP) from E17.5 (Figures 2a and c) . It indicates that reduction of neuroprogenitors pool is due to apoptosis rather than proliferative defects. Notably, the correlation between the TUNEL and ActCasp3 staining detected in CP was missing in VZ/SVZ regions at E17.5 (Figures 2d and e) . Indeed, while the number of TUNEL-positive cells increased from E15.5 to E17.5, cells with ActCasp3 immunostaining remained unchanged (Figure 2d ). Detailed analysis showed that the majority of TUNEL-positive signals in VZ/SVZ were smaller than the ones in CP (Figures 2f and g ) indicating different origin of these signals. These small foci in proliferative area were reminiscent to micronuclei, appearing during mitosis upon defective DNA repair. Altogether we showed that Rint1 deficiency causes neuronal apoptosis in progenitor and post-mitotic neurons and that Rint1 is essential for maintenance of genomic stability in neuroprogenitors by preventing micronuclei formation. Finally, increased cell death was also detected in other parts of brain such as ganglionic eminence (Supplementary Figures  S1a and b) indicating that Rint1 deficiency affects all the brain structures. It is expected that this massive cell death would impair brain function and trigger premature death.
Rint1 deficiency promotes mitotic defects due to genomic instability in neuroprogenitors. To elucidate the mechanisms underlying the putative genomic instability, we generated immortalized Rint1 inducible MEFs. Similar to in vivo findings, Rint1-deficient MEFs exhibited proliferation defects and defective colony formation (Figures 3a and b ; Supplementary Figures S2a and b) . Two days after Rint1 deletion, 50% of the cells exhibited micronuclei (MN) and nucleoplasmic bridges (NPB) (Figures 3c and d;  Supplementary Figure 2c) . Since it was demonstrated in RINT1-depleted Hela cells that those defects were due to centrosome amplification associated with RINT1 malfunction in Golgi, 19 we investigated the centrosome amplification status in our MEFs. Although, we found a significant increase in cells with more than two centrosomes, we could not find a significant correlation between the centrosome amplification and the occurrence of mitotic defects (Figures 3e and f ; Supplementary Figures S2d and e) . This suggests that centrosome amplification is not a cause of MN and NPB formation in Rint1-deficient cells. Live-cell imaging did not show significant differences in mitosis duration between Rint1-proficient and -deficient cells (Figures 3g and i;  Supplementary Figure S2f) . However, we detected that 11% of the Rint1-deficient MEFs were not able to complete mitosis due to massive NPBs and thus impaired chromosome segregation (Figures 3j and k; Supplementary Fig. S2g ). These cells were exiting mitosis without achieving cytokinesis, and sometimes generating MN (Figure 3j ). Metaphase spread analysis showed a significant increase in chromosomal aberrations such as sister chromatid fusion (SCF) and fusion of two telomers (FT) (Figure 4a ; Supplementary  Figures S2h and i) . In cells exhibiting MN and NPBs, we visualized telomeres and centromeres using immunofluorescent staining (Figure 4b ). We discovered that DNA bridges between two separating daughter cells connected two centromeres and acentric DNA fragments around bridges had two telomeres but no centromere. This was obviously a result of the SCFs and FTs observed in metaphases and generated by improper joining of DNA ends (Figures 4c and d). To comprehend whether this mechanism can be generalized to neural stem cells (NSCs), we isolated NSCs from E13.5 Rint1
Nes-Cre brains. After 7 days in culture, the total number of formed neurospheres and the number of cells per neurosphere were significantly reduced in NSCs from Rint1
Nes-Cre compared with Rint1 Ctrl brains, indicating that the pool of neural stem cells is dramatically reduced after Rint1 inactivation and that they have reduced proliferation capacity (Figures 4e and g ). In addition, inducible NSCs, 2 days after 4-OHT-mediated Rint1 deletion exhibited a 4.5-fold increase in mitotic defects compared with control ( Figure 4h ). Confocal imaging confirmed that mitotic defects were DNA bridges identical to those found in MEFs (Figure 4i ). Consistent to MEF findings, no centrosome amplification was found (data not shown). Finally, cells exhibiting positive staining for γ-H2AX were detected in E17.5 embryo cortices (Figure 4j ). Additionally, p53 stabilization and its phosphorylation at serine18 were observed (Figures 4i and k) . These results suggest that Rint1 is essential for prevention of chromosome fusions independently of centrosome amplification and thus is an important player in prevention of genomic instability and apoptosis in progenitor cells.
Rint1 depletion causes Cis/Trans-Golgi disruption and ER stress in cortical neurons. Several studies demonstrated that RINT1 is involved in ER-Golgi trafficking in vitro. 16, 17, [19] [20] [21] Lin et al. 19 associated the observed mitotic defects with Golgi dispersion and centrosome amplification. We demonstrated that centrosome amplification in MEFs is not correlated with mitotic defects and in NSC is not detected at all. To understand whether Golgi and ER alteration is associated with mitotic defects, we analyzed Golgi and ER Figure S3a) . The morphology of these organelles started to change only 4 days after Rint1 inactivation, much later than the occurrence of genomic instability. Furthermore, we investigated whether ER-Golgi homeostasis was also disrupted in the cortex. We detected punctate staining of PDI indicating an ER vacuolization in Rint1
Nes-Cre cortices starting from E15.5 (Figures 5a-c) . GM130 staining revealed that ER vacuolization was associated with the disruption of Cis-Golgi structure in CP and VZ/SVZ (Figures 5d and e) . These changes were accompanied by increased levels of the transcription factor CHOP (Figure 5f ), that is a target of the integrated stress response including ER stress 24 and DNA damage. 25 qPCR analysis confirmed CHOP upregulation and also showed that mRNA levels of ATF4, Gadd34, spliced-XBP1, total-XBP1, BIP and HERPUD1 were significantly increased (Figure 5g) . Upregulation of spliced-XBP1, BIP and HERPUD1 mRNA levels indicates that Rint1 deletion induces ER stress activating the Unfolded Protein Response. 26 In order to understand whether CHOP increase mediated apoptosis, we measured mRNA levels of genes downstream CHOP (Figure 5h ). We could detect neither downregulation of BCL2 nor upregulation of BIM (Figure 5h ). mRNA levels of ERO1α (Figure 5h ) involved in the ERO1-IP3R-Ca2+-CaMKII apoptotic pathway 27 stayed unchanged. However, we detected upregulation of Dr5 (Figure 5h ) that is known to be activated not only by ER stress 28 via CHOP but also by DNA damage via p53. 29 These findings suggest that the neuronal death in Rint1-deficient cortex is promoted by both ER stress and DNA damage.
It was shown that RINT1 had a role in Trans-Golgi Network (TGN) homeostasis. 17 To understand whether it is true in the cortical neurons, we analyzed TGN markers γ-Adaptin and Syntaxin 6. After 4 days in in vitro culture (DIV) Rint1
Nes-Cre neurons revealed defective development (Supplementary Figure  S4a) and Cis-Golgi disruption (Supplementary Figure S4b) . Analysis of γ-Adaptin and Syntaxin 6 showed also Trans-Golgi disruption upon Rint1 inactivation (Supplementary Figure S4b) . Surprisingly, despite RINT1 being linked to abnormal TGN distribution, 17 we did not detect any alterations in the transport from endosomes to TGN. Monitoring the trafficking of Alexa488-conjugated Cholera toxin B (CTB) showed that after 45 and 90 min CTB was accumulated even in disrupted TGN in the neurons from Rint1
Ctrl and Rint1 Nes-Cre (Supplementary Figure  S4c) , suggesting that Rint1 does not have a role in transport from endosomes to TGN in neurons. Our findings show that Rint1 deficiency is leading first to mitotic defects and then to the disorganization of ER-Golgi network triggering ER stress and cell death both in progenitors and in post-mitotic neurons.
Autophagy blockage in Rint1-deficient neurons causes cell death. Studies reported that ER stress led to autophagy [30] [31] [32] and that RINT1 was associated with autophagy. 21 Therefore, we decided to monitor autophagy in Rint1-deficient cortices. We found that Rint1-deficient neurons exhibited autophagosome accumulation as indicated by the accumulation of LC3B punctate in cortical neurons and the increased conversion of the unconjugated LC3B-I to the phosphatidylethanolamine-conjugated form LC3B-II in E15.5 and E17.5 cortices (Figures 6a and b) . This accumulation could be due to increased autophagic flux or autophagy inhibition in later stages. 33 Therefore, we analyzed p62 that is known to be downregulated upon autophagy induction. 34 In CP and in SVZ we detected p62 accumulation (Figure 6c ). In the same neurons we also detected accumulation of LAMP2 that is required for autophago-lysosomes (Figure 6d) . Interestingly in CP, p62 and LAMP2 accumulation was detected in pyknotic cells, which was confirmed by TUNEL staining to undergo apoptosis independent of caspase-3 pathway (Figure 6e ). p62/LAMP2-positive cells were also positive for phosphorylated Ribosomal Protein S6 (p-RPS6) that is a target of RPS6 kinase and is downregulated during increased autophagy (Figure 6e ). Although Caspase-8 was also found to be accumulated in these cells (Figure 6e) , it was not activated (data not shown). To confirm the late autophagy inhibition, we induced autophagy in neuronal cultures using rapamycin and monitored LC3B levels. They were not changed in the neurons from Rint1
Ctrl cortices, with or without rapamycin treatment underscoring the efficient autophagosome clearance (Figure 6f) . However, Rint1
Nes-Cre neurons exhibited higher percentage of cells with increased LC3B intensity upon rapamycin treatment (Figure 6f ), confirming that autophagosomal clearance in Rint1-deficient neurons is in vivo and in vitro inhibited. It indicates that in Rint1
Nes-Cre cortical neurons autophagy is inhibited in the late stage leading to accumulation of p62, LAMP2 and p-RPS6 and causes caspase-3-independent neuronal death ( Figure 6e ).
To make sure that observed phenotype is originating in the neurons generated in cortical VZ/SVZ, we performed the same analysis on Rint1
Emx1-Cre mice in which deletion occurs only in the early progenitors of dorsal telencephalon. 35 The results obtained in Rint1
Emx1-Cre at E15.5 and Rint1 Nestin-Cre at E17.5 were identical (Figures 7a and f) , suggesting that the ER stress and autophagy blockage accompanied by neuronal death is affecting neurons that originate from the dorsal telencephalon. The stronger early phenotype in Rint1
Emx1-Cre mice compared with Rint1
Nes-Cre mice can be explained by lower recombination efficiency of Nestin-Cre, 36 or increased susceptibility of earlier cortical neural progenitors.
Rint1 deletion causes neurodegeneration in Purkinje cells. We showed cell death in the brain initiated by Rint1 deletion in neural progenitors. Since we also detected genomic instability in dividing cells, we asked whether genomic instability triggered in progenitor cells could be responsible for ER stress and defective autophagy-driven neurodegeneration as a secondary result of chromosome fusions. To address this question, we generated Rint1
Pcp2-Cre mice that enabled inactivation of targeted gene in nondividing Purkinje cells (PC) around 2 weeks after birth. 37 One month after the birth, we did not observe any change in PC distribution; however, between 1 and 5 months old, we detected loss of PC in Rint1
Pcp2-Cre cerebella (Figures 8a and  b) . Microscopy analysis revealed that PC showed the same phenotype as the Rint1
Nes-Cre neurons. Indeed, 2-month-old Rint1
Pcp2-Cre mice exhibited Golgi fragmentation in 35% of PCs. p62 accumulation was found in 5% of PC (Figure 8c) . Surprisingly, we detected few PCs exhibiting accumulation of γ-H2AX, indicating that non-dividing Rint1-deficient cells could accumulate DNA damage (Figure 8c ). We observed a significant increase in PC death using TUNEL assay. However, ActCasp3 was negative indicating that the cell death is caspase-3 independent. Given that inactivation of DSBs repair genes in PC does not cause any defects, 38 and the fact that γ-H2AX-positive PC are few compared with those exhibiting Golgi fragmentation and p62 accumulation, we suggest that Rint1 deficiency triggered neurodegeneration in vivo is not a secondary result of genomic instability. It supports a direct role for Rint1 in ER-Golgi homeostasis and autophagy, and highlights the complexity and the variety of pathways in which Rint1 is involved.
Discussion
We demonstrate that Rint1 is essential for the prevention of genetic instability by preventing anaphase bridges. In contrast to Lin et al., 19 we rule out that mitotic defects are due to centrosome amplification. Anaphase bridges are found among cells exhibiting impaired telomere homeostasis [39] [40] [41] [42] and defective DNA DSB repair. [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] RINT1 is known to be involved in both pathways through interaction with p130 15 or Rad50.
14 The structure of chromosome fusion in the Rint1-deficient cells supports the hypothesis of defective DSB repair (Figures 4c and d) . Notably, the frequency of mitotic defects in Rint1-deficient NSCs was significantly increased. It indicates that primary cells do not tolerate chromosomal fusions and such cells are eliminated quickly. The role of RINT1 in DNA repair and maintenance of genomic stability was emphasized by the finding that RINT1 is mutated in a subset of Lynch syndrome patients. 23 Lynch syndrome is a cancer predisposition disease associated with mutations of mismatch repair genes. DSB response was shown to be essential in developing CNS but CNS-specific DSB repair mutants obtained with Nestin-Cre such as Nbn, 50 Brca2 51 and Atr 52 are viable at birth and did not exhibit any apoptosis in mature neurons. 53 In contrast, Rint1 inactivation in NSCs prevents postnatal survival, suggesting that the role of Rint1 in maintaining genomic stability is not the only cause of the premature death.
In fact, we demonstrate that Rint1 inactivation in brain leads to ER stress due to altered ER and Cis/Trans-Golgi homeostasis and impaired clearance of autophagosomes that were shown to be involved in neurodegenerative disease including Alzheimer, Parkinson and Huntington. 1, 2, 54 The phenotype of Rint1-deficient brain with the exception of autophagy defects is reminiscent of the SNARE p31-deficient mice in which ER stress was claimed to be responsible of neuronal cell death. 55 Interestingly, p31 and RINT1 are forming the 'Syntaxin 18 SNARE' complex together with Syntaxin 18, BNIP1, Sec22B, Sly1p, NAG and ZW10. 10, 11 'Syntaxin 18 SNARE' complex was found to be implicated in membrane fusion of retrograde transport 10, 56, 57 while its members Sec22B and ZW10/RINT1 are also involved in the anterograde transport. 16, 58 RINT1 was shown to be also involved in the more specific Rab6-dependent recycling pathway from the Golgi to the ER. 20 Disruption of the balance of the bi-directional ER/Golgi transport was shown to trigger Golgi fragmentation followed by ER stress. 1, 55 Complementary to former RINT1 studies where ER stress was not reported 16, 17, 19 here we postulate that in our model, Rint1 deficiency generates ER/Golgi imbalance leading to Golgi apparatus fragmentation, induction of ER stress and ultimately cell death. Since CHOP, GADD34 and Dr5 can also be activated by DNA damage, we cannot exclude the role of the DNA damage response in Rint1-deficient phenotype. We also observe that some of the Rint1-deficient neurons exhibit autophagy inhibition. It was shown that UPR resulting from ER homeostasis disruption led preferentially to activation of autophagy rather than proteasome degradation in the neuronal cells. 32 Although autophagic activity is hardly detectable in healthy brains compared with other tissues, 59 it was shown that basal autophagy was essential for the development and homeostasis of the brain. [60] [61] [62] Neurons exhibit heterogeneous sensitivity to autophagy inhibition or induction depending of their type and developmental stage. 60 It is often considered that autophagy is associated with survival but in certain situation when it is inhibited at late stages, it could lead to neurodegeneration. 3, 63, 64 This is consistent with the phenotype in Rint1
Nes-Cre and Rint1 Emx1-Cre cortices, where we observed accumulation of p62, LAMP2 and p-RPS6 as an evidence for autophagy inhibition in late stage. These cells were also positive for Caspase 8 that is known to bind p62 on autophagosomes after inhibition of proteasome. Although caspase-8 was accumulated, it was not activated, leading to caspase-3-independent neuronal death.
Little is known about RINT1 function in autophagy. RINT1 was shown to interact with UVRAG, a protein essential for Atg9-vesicle formation, but this interaction only occurs in the absence of autophagy induction. 21 Interestingly, RINT1 interaction partner BNIP1 was reported to be involved in mitochondrial autophagy. 65 Sec22B was shown to regulate clearance of autophagosomes indirectly by assuring the anterograde transport of lysosomal proteases from ER via Golgi to lysosomes. 58 In this context, Rint1 could be involved in the clearance of autophagosomes by a mechanism identical to Sec22B and its function in anterograde transport. An alternative mechanism that could explain the Rint1-deficient autophagic defects in neurons is the disruption of autophagosome transport. In the neurons, autophagosomes formed in distal axons mature and fuse with late endosomes and/or lysosomes during transport towards the cell soma. 66 It was shown that disruption of autophagosome transport on microtubules by vinblastin led to the inhibition of autophagosome and lysosome fusion and to accumulation of these vesicles. 3, 67 Dynein inhibition by EHNA suppressed fusion of autophagosomes and lysosomes. 68 Dynactin 1, a member of the Dynactin complex, which is essential for dynein function in motility was also linked to autophagosomal transport.
69 RINT1 and Dynactin1 interact with ZW10 in a competitive manner 70 and it was suggested that the RINT1/ZW10 complex may play as an ER anchor for the Dynein-Dynactin complex carried vesicles. 16 It is conceivable that the absence of RINT1 causes defects in transport of vesicles and prevents clearance of autophagosomes.
In conclusion, our results reveal novel in vivo functions of Rint1. For the first time, we report the involvement of Rint1 in prevention of genomic instability, ER stress and in clearance of autophagosomes (Figure 8c ). These in vivo findings illustrate the essential requirement of Rint1 for brain development and ageing.
Materials and Methods Ethics statement. All animal care and procedures followed German legal regulations and were previously approved by the governmental review board of the state of Baden-Württemberg (Regierungspräsidium Karlsruhe-Abteilung 3-Landwirtschaft, Ländlicher Raum, Veterinär-und Lebensmittelwesen). All the aspects of the mouse work were carried out following strict guidelines to insure careful, consistent and ethical handling of mice.
Mice. The Rint1 floxed mice were generated as followed. The targeting vector was created using the recombineering method developed by the National Cancer Institute at Frederick (USA). The BAC containing the Rint1 gene was obtained from the Sv129/J BAC library from Invitrogen (Darmstadt, Germany). The sequence of the mouse BAC containing the Rint1 gene was obtained from the Wellcome Trust Sanger Institute (http://www.sanger.ac.uk). The pGK-neo cassette flanked by two Frt sites was inserted upstream the exon 3 and two loxP sites were inserted upstream and downstream the exon 3. The targeting vector was linearized using the enzyme NotI, and was electroporated into E14.1 ES cells. Southern-blot analysis was performed using the genomic probe 1 (generated by PCR amplification using the primer RINT109F: 5′-AGCCATTTTGAGATAGGTGTT-3′) and RINT901R: (5′-CTTCTGGGACATCGGACATT-3′) and the ApaI+XhoI digestion. The presence of the loxP downstream the exon 3 was also analyzed both by Southern blot using the genomic probe 2 (generated by PCR amplification using the primer RINT10738F: 5′-GATGGAAACAGAATGCTTGGA-3′ and RINT11444R: 5′-CATACA TACATAGAGAGA-3′) and by BamHI digestion. Two independent clones 1G7 and 1G9 were injected and gave rise to germline transmission. The neomycine cassette was removed in vivo using a ubiquitous FLPe-recombinase mice (B6;SJL-Tg (ACTFLPe)9205Dym/J). The mice were routinely genotyped using the following primers RINT7512F (5′-TTCCTACTGACTTGCTGTGAT-3′) and RINT8345R (5′-ACTTCTGGATGACTGAGGAC-3′). The Δ allele was amplified using the primers: RINT6542F (5′-TAACCCCTGACCCATCTCTC-3′) and RINT8345R. The following used Cre-recombinase mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA): Nestin-Cre (B6.Cg(SJL)-Tg(Nes-cre)1Kln/J), Emx1-Cre (B6.129-Emx1tm1(cre)Krj/J) and PcP2-Cre (B6.129-Tg(Pcp2-cre)2Mpin/J) mice. 
